Abstract: A broadband absorber, which is composed of graphene analog of electromagnetically induced transparency (EIT) and a metal ground plane spaced by a thin SiO 2 dielectric layer, is proposed and investigated. Numerical results reveal that the working bandwidth can be dynamically tuned between broadband absorption and narrowband absorption by varying the Fermi level of graphene through controlling of the electrostatic gating. Furthermore, absorption behaviors can be tuned to the state of off when the electric polarized is rotated to another axis. It is also found that the coupling strength between the radiative element and dark element is tuned by the distance between the disconnected vertical graphene strip and horizontal graphene strip. In addition, this type of graphene-based absorber is very sensitive to the incident angles.
Introduction
In the last decade, one of the most interesting properties of plasmonic metamaterials (PMs) is the perfect absorption of light [1] , [2] , whose functionality not only relying on different designs but also optimizing the point of operation over large frequency ranges was demonstrated. Much efforts of PM researches focus on terahertz (THz) absorbers, which have attracted an explosion of research interest in many scopes, like spectroscopy, medical imaging, communications, and so on [3] , [4] . One of the hottest research directions in this area is to find an effective approach to achieve broadband absorption [5] . One method is to combine two or more resonators with different sizes together to form a super-unit-cell [6] - [8] . Another is to stack multiple layers of the resonators with different geometric dimensions separated by dielectric layers with appropriate thicknesses [9] , [10] . Most previously resonant modes of published papers are inductancecapacitance (LC) resonance and dipole resonance.
From a practical point of view, the tunable of absorption at THz frequencies is important for many of the applications. While among all tunable techniques, voltage control is one of the simplest ways in practical operations. Because of its largely tunable surface conductivity with respect to the external electrostatic biasing, graphene, the newly discovered 2-D material, has attracted remarkable attention among the different tuning schemes for THz devices [11] - [13] . The absorption energy of the absorber is controlled over a relatively large interval in a narrow frequency band by changing the various bias voltages. Unfortunately, these efforts have common shortcomings of narrow absorption bandwidth [14] , [15] , which seriously hampers their practical applications. Not long after that, both multiband and broadband tunable graphenebased perfect absorbers were investigated [16] - [18] . However, no design focused on converting broadband to narrowband through changing the various bias voltages.
Recently, the classical analogues of EIT-like behavior in coupled resonators [19] , electric circuits [20] , and metallic nanostructures [21] , plasmonically induced transparency (PIT) [22] based on metamaterial structures have attracted enormous research interest. In particular, optical control of electromagnetically induced transparency in metamaterials promises essential application opportunities in optical networks and terahertz communications [23] , [24] . In this paper, we proposed a dynamically frequency-tunable graphene-based terahertz metamaterial absorber, which consists of plasmonic analogs of electromagnetically induced transparency (PIT) based on graphene strip and a metal ground plane spaced by SiO 2 dielectric layer. The unit cell of the graphene plasmonic structure consists of an active radiant resonator directly excited by an external field and a passive subradiant resonator indirectly excited by the active resonator through coupling interaction. Moreover, the passive subradiant in turn interacts with the active resonator and suppresses its resonance in a narrow frequency range by destructive interference with the external field. The absorber exhibits unique characteristics including ultrathin, broadband absorption, sensitivity to polarizations and wide incident angles. Most importantly, by changing the various bias voltages, it can convert broadband absorption to narrowband absorption and tune the absorption behavior to the state of off.
Model and Parameters
The unit cell (or a small square part cut from the whole structure) of the proposed broadband absorber is schematically depicted in Fig. 1 . It consists of graphene plasmonic analogs of electromagnetically induced transparency (GPIT) and metal ground plane spaced by a SiO 2 dielectric layer. The GPIT schematically shown in Fig. 1 represents a periodic array of vertical graphene strip with attached horizontal graphene strip of length lm interacting with disconnected vertical graphene strip of length ld . The ground plate is made of gold with a conductivity gold ¼ 4:09 Ã 10 7 Sm À1 , which is perfect reflection in the frequency domain of interest (Far-infrared regime). The flexible dielectric spacer can be chosen as the SiO 2 which is an ideal substrate material for graphene, and we assume the relative permittivity of the SiO 2 dielectric " d ¼ 3:9. For lower THz frequency and at room temperature, the graphene's complex surface conductivity can be described [25] , [26] as
where ! is the radian frequency, E f is the Fermi energy level, À (À ¼ " h=, is electron-phonon relaxation time) is the phenomenological scattering rate, T is the absolute temperature of the environment, e is the charge of an electron, and " h is the reduced Planck's constant. Throughout this work, we assume ¼ 1 ps which is in agreement with measured data from the chemical vapor deposited (CVD) graphene. Because of its largely tunable surface conductivity with respect to the external electrostatic biasing, we can obtain important characteristic of the broadband absorber based on GPIT, which is that the working bandwidth can be tuned between broadband absorption and narrowband absorption by varying the Fermi level via electrostatic gating.
One of the main advantages of graphene is that its Fermi level can be tuned over a wide range by applying a gate voltage. Thus, it is able to control the conductivity of graphene. The relations between Fermi energy level and electrostatic biasing can be given by an approximate closed-form expression [27] 
where 
Analysis and Discussions
At first, we consider that an x -polarized THz wave propagating along Àz direction impinge into the GPIT, as schematically shown in Fig. 1 . Commercial software COMSOL is employed to simulate the absorption A, which was therefore calculated using A ¼ 1 À R À T , where A is the reflection, and T is the transmission. According to simulation results in Fig. 2(a) , an isolated a dipolar plasmon resonance of the vertical graphene strip is observed at 4.28 THz under normal incidence with the electric field polarized along the x -axis. As shown in the Fig. 2(d) , a greatly enhanced real field at the top of the vertical graphene strip induced by the bright element at the resonance spectrum is indicated. Here, it is worth noting that the electric field polarized must be rotated to the y -axis in the simulation, as shown in Fig. 2(b) , since periodic boundary condition is used. In this case, the electric field still has the component parallel to horizontal graphene strip lm, thereby causing the monopolar response of the horizontal graphene strip. By choosing appropriate parameters, a resonance also centered at 4.28 THz can be achieved. It should be noted that the dark mode has a much smaller linewidth (high quality factor) than that exhibited by the bright mode, which is a requirement for exciting and observing EIT. Then, the vertical graphene strip with attached horizontal graphene strip of length lm and the disconnected vertical graphene strip of length ld are placed in proximity, as shown in Fig. 2(c) . Moreover, the polarization of the electric field is chosen to be parallel to the disconnected vertical graphene strip, which only allows excitation of the eigenmode in vertical graphene strip in the spectrum of interest. A broadband absorption is shown in the spectral domain caused by the overlap of the two hybridized resonances' envelopes, as indicated in Fig. 2(c) . In addition, the two peaks absorption are all 99%, and the working bandwidth is 0.5 THz with 80% of the absorption when the Fermi level E f is equal to 1 eV. However, the two peak absorption are all reduced to less than 90% and the working bandwidth is reduced to 0.3 THz with 70% of the absorption when the electric field is rotated to the y -axis.
To further clarify the underlying mechanism of the proposed broadband absorber based on GPIT metamaterial structure, the electric field density (by color) and the surface electric current density (by arrows) are plotted at two perfect absorption frequencies along the electric field to the x -axis. Fig. 3(a) and (b) demonstrate that the charge induced in the top of vertical graphene strip by the incident x polarized electric field will induce the charge of an opposite sign on the tip of horizontal graphene strip, thus resulting in the excitation of the monopolar resonance. As we all know, the mechanism of absorber is magnetic response induced by an Fig. 2 . Simulated absorption spectra of (a) disconnected vertical graphene strip of length ld , (b) vertical graphene strip with attached horizontal graphene strip of length lm, (c) the combination of them (black solid for the electric field along x -axis, red dash for the electric field along y -axis), and (d) and (e) represent the corresponding electric field density (color) and electric current density (arrows) at the absorption peak frequency of 4.28 THz.
anti-parallel current in the top patterned graphene layer and bottom metal layer. In this case, the top patterned graphene layer with period structure composed of an isolated vertical graphene strip causes dipole resonance, as shown in Fig. 2(a) and (d) . In addition, the top patterned graphene layer with period structure composed of an isolated vertical graphene strip with attached horizontal graphene strips causes monopole resonance, as shown in Fig. 2(b) and (e). On the other hand, when the vertical graphene strip and the vertical graphene strip with attached horizontal graphene strip are putted in one period to form broadband absorber, the absorption mechanism of 4.14 THz is LC resonance, while the absorption mechanism of 4.38 THz is quadrupolar resonance, respectively corresponding to Fig. 3(a) and (b) .
The dependence of the electrostatic gating on the charge-carrier density n can be obtained from the formula of graphene's complex surface conductivity [as shown in expression (1-1) ]. The charge-carrier density of graphene can be easily changed through controlling of the electrostatic gating, resulting from the dependence of Fermi energy on the charge-carrier density n, which is predicted as
, where F % 10 6 m/s is Fermi velocity. Thus, the broadband absorber based on GPIT can convert the broadband absorption to narrowband absorption by varying the Fermi level via electrostatic gating. For the case of the electric field polarized along x -axis, as shown in Fig. 4(a) , the low frequency absorption reduces faster than that of the high frequency one. This is due to that the charge density of the horizontal graphene strips' tip weaken with the decrease of the Fermi level, which leads to the weak coupling between the vertical graphene strip ld and the horizontal graphene strip lm. When the Fermi level of the vertical graphene strip with attached horizontal graphene strip of length lm is equal to zero, the coupling effect between the radiative elements and dark elements disappears. Moreover, the underlying mechanism of the narrowband absorption is the magnetic response resulting from dipolar resonance of the vertical graphene strips.
If the electric field polarization is rotated to y -axis, the two peak absorption peaks, respectively, are 80% and 85%, and the working bandwidth is 0.3 THz with 70% of the absorption, when the Fermi level is 1 eV, as shown in Fig. 4(b) . It can also find that the working band can be converted from the broadband absorption to narrowband absorption, when the Fermi level varies from 0.8 eV to 1.2 eV through controlling electrostatic gating. It can be attributed to that the charges in the tip of horizontal graphene strip varies with the Fermi level changing. The most striking feature is that the state of the absorber is off when the Fermi level of the vertical graphene strip is zero.
The interaction strength between the radiative elements and dark elements depends on the distance between the vertical graphene strip ld and horizontal graphene strip lm. The absorption spectra for different distance d is shown in Fig. 5(a) , when the electric field polarized along the x -axis. With the decreasing of d, the coupling strength will enhance, which will lead to larger working bandwidth and weaker absorption amplitude simultaneously. For the case of the electric field polarized along the y-axis, as shown in the Fig. 5(b) , it illustrates that the absorption behavior become like the vertical graphene strip as d increases. The reason is that the coupling strength weaken with the distance d increasing, leading to fewer and fewer charges flowing to the top tip of the horizontal graphene strip. Therefore, it is difficult for charges flowing to the top tip of the horizontal graphene strip when the distance far enough, reflecting that the absorption behavior becomes like the vertical graphene strip.
Next, we study the incidence angle dependence of the absorption for broadband absorber based on the GPIT. Fig. 6(a) and (b) give the absorption spectra when incident angle varies from 0 to 60 in the TM configuration (the H field is fixed along the y direction) and the TE configuration (the E field is fixed along the x direction), respectively. For the case of the TM configuration, as shown in Fig. 6(a) , the amplitude of the high frequency absorption peak reduces faster than that of the low frequency one but still keeps above 60% as the incident angle . This angle-dependent absorption of the TM wave is due to the fact that the coupling strength between the vertical graphene strip ld and horizontal graphene strip lm become weaker resulting from the x component of electric field decreasing when the incident angle increases. Increasing the incident angle results in the dip becomes deeper particularly in the absorption spectra for TE polarization, indicated in Fig. 6(b) . Beyond 50 of the incident angle, the total absorption decreases faster as the incident magnetic field can no longer efficiently drive circulating currents between the top pattered graphene and bottom metallic layer [28] .
Conclusion
We have proposed a general scheme to design graphene broadband absorber based on GPIT for THz, which consists of plasmonic analogues of EIT based on graphene strip and a metal ground plane spaced by SiO 2 dielectric layer. Numerical simulations verify the theoretical prediction and demonstrate that the working bandwidth of 90% absorption in this structure is as high as 0.5 THz, resulting in the strong electric and magnetic dipole resonances between unit cells making the impedance of the absorber match to that of the free space. The broadband absorption peaks are sensitive to the distance between the vertical graphene strip ld and horizontal graphene strip lm. Moreover, because both TE and TM polarization are very sensitive to the incident angles, the near-perfect absorption efficiency is affected by incidence angles greater than 20 degrees. It can tune its absorption band not only between broadband and narrowband absorption but between the on and off states by controlling the bias voltage as well. The geometry can be implemented within currently available CVD techniques for graphene sheets and easily integrated with other THz devices for detection and sensing at the nanoscale. This kind of controllable broadband absorber has many significant potential applications in photodetectors, tunable sensors, and medical imaging regimes.
